In this paper the results of the numerical stress analysis of the power turbine of helicopter engine were presented. In order to solve the problem, the nonlinear finite element method was used. The numerical models of both the blade and the disc segment were made using the MSC-Patran program. In the analysis the thermal load resulting from non-uniform temperature field was defined. The centrifugal force resulting from the rotation of the engine rotor was also considered. The cyclic symmetry boundary condition of the disc segment was used to decrease the size of the numerical task. The model of the turbine material was defined as linear-elastic. The modulus of elasticity and the thermal expansion coefficient of the disc and the blade material were considered as temperature dependent. As a result of performed computations, the stress distributions for the turbine subjected to both the thermal and the mechanical loads were determined.
Introduction
Gas turbine discs and blades (Figs. 1, 2a) are usually the most critical engine components, which must endure substantial mechanical and thermal loads. The turbine has three critical regions on which attention should be focused: fir tree slots, the assembly holes and the hub zone. The joint between the turbine blade and the disc usually represents the most critical area from the point of view of the static and fatigue strength. The loads associated with these regions are mainly the centrifugal forces and the thermal stresses [1] [2] [3] .
The stress and strain analysis of the turbine discs and blades was described in the papers [4] [5] . In many cases the complex shape of the disc-blade connection caused that only in this region the stress concentration factor has large values. A large centrifugal force of the blade causes that the maximum stress area is often located in the internal radius of the fir tree slots of the disc and the blade [6] . The main aim of this work is determination of the stress state in the power turbine of the helicopter engine subjected to the complex thermomechanical load. The thermal stress (as a result of thermal field remaining by certain time in the turbine components) occurs after turning off the engine. Therefore, in this work a separate thermal stress was also determined for the turbine without the mechanical loads.
Numerical model of turbine
The geometrical models of the disc and the blade were made using the MSC-Patran program (Fig. 2 b, c) [7] . The FE model of the turbine (Fig. 2d) consists of 100280 nodes and 507836 TET-4 solid elements. In the analysis two kinds of loads were considered: the speed of rotation of the turbine (22490 RPM) and the non-uniform temperature field. The centrifugal forces were computed by definition of the following parameters: the blade and disc material density, the speed of rotation and the position of rotation axis. The power turbine of the analyzed engine is composed of the disc and 51 blades. In order to decrease the size of the numerical task, the segment of the disc consisted of 1/51 part of all structure was considered with the use of the special cyclic-symmetry boundary condition [8] . In this condition the stress and displacement components (in the cylindrical coordinate system) defined on the left and right (virtual) surfaces of the disc segment are the same.
The nodes on the rotation axis of the turbine disc (bottom part of the disc presented in Fig. 2c ) were partially fixed (translations T x = 0, T y = 0). For one central node located on the rotation (symmetry) axis of the disc the full fixation was applied (T x = 0, T y = 0, T z = 0). The maximum temperature zone (588 0 C) was located on the top part of the blade (Fig. 3 ). In the fir tree slot of the turbine the temperature value is about 400 0 C whereas in the middle part of the disc (in the vicinity of rotation axis) the temperature is much lower (180 0 C). The temperature field was defined for the engine power of 890 HP (horsepower) and for the work of the engine at an altitude of 2500 m. In the fir tree surfaces of the disc and the blade the Coulomb contact "master-slave" [8] with the friction coefficient of 0.05 was defined. The nonlinear stress analysis was performed using Abaqus solver [8] . The disc and the blade were made of EI-437-b alloy. EI-437-b nickel alloy has a good creep resistance and was used for rotational components of the turbine engines operated at high temperature. Yield stress (YS) and the ultimate tensile strength (UTS) of EI-437-b alloy measured at high temperature are presented in Figure 4 [9] . The blade and disc material density is equal to 8200 kg/m 3 (at room temperature). The thermal expansion coefficient (α) and Young's modulus (E) for EI-437-b alloy were considered as a temperature dependent (Tab. 1) [9] . Thermo-mechanical stress analysis of the turbine of helicopter engine 383
Results of stress analysis
The results of finite element analysis showed that during the work of the engine (for superposition of thermal and mechanical loads), the area of maximum reduced stress in the disc (784 MPa, Fig. 5 ) is located in the small zone, under the third fir tree slot. This value exceeds the yield stress of disc material at about 184 MPa (YS of EI-437-b alloy for 400°C equals to 600 MPa, Fig. 4) . Obtained maximum stress value is smaller than UTS of the disc material at about 170 MPa. The maximum reduced stress in the blade subjected to couple the thermal and the mechanical load achieves the value of 684 MPa. Maximum stress area is located on the corner of second and third fir tree slot (Fig. 7a) . This value exceeds the yield stress of the blade material (for 400 0 C, Fig. 4 ) at about 84 MPa. The large stress zones (456 MPa) are also located above the first (top) slot of the serration and in the bottom part of the airfoil section (Fig. 7) . In the central and the top part of the blade smaller values of stresses (92-223 MPa) are observed (Fig 7b) . The centrifugal (mechanical) forces disappear after turning off the engine but the thermal field remains for a certain time. Thus, in the second load case a separated thermal load was applied to the turbine. The results of this analysis are interesting not only from a practical but also from a research point of view. The analysis of separate thermal load can provide the information about the impact of the thermal stress on the effort of material of the turbine during the work of the engine.
In the turbine subjected to the thermal load only (the non-uniform temperature field presented in Fig. 3 ) the reduced stress achieves the largest value of 461 MPa on the corner of the disc, about 3 mm under the third fir tree slot. In the central part of the disc the thermal stress achieves the values of 124-216 MPa (Fig. 8a) .
A low impact of the thermal field on the stress values in the blade is found. The maximum value of reduced stress in the central part of the blade airfoil section is equal only to 9.8 MPa (Fig. 8b) . 
Conclusions
In this work the results of numerical stress analysis of the power turbine of helicopter engine were presented. In order to decrease the size of the numerical task, the special cyclic-symmetry boundary condition was defined. The disc segment and the blade were subjected to the complex thermomechanical load. From the simulation results, conclusions can be drawn as follows: 1. The value of maximum reduced stress (784 MPa) in the disc subjected to couple the thermal and the mechanical loads exceeds (locally) the yield stress of the disc material at about 184 MPa. Computed stress value is smaller than UTS of the disc material at 170 MPa. The results of stress analysis performed for another engines showed that the local stress in the turbine fir tree slots can be higher than YS of the material [2, 10] . 2. The large values of stresses (478-529 MPa) are also observed in the vicinity of the disc rotation axis. 3. The maximum stress in the blade subjected to thermal and mechanical load achieves (in the fir tree slot area) the value of 684 MPa. This value exceeds YS of the blade material at 84 MPa. The high stress area is often observed in the fir tree region of the blade and the disc of aero-engines [11] [12] [13] . 4 . It was assumed that during the first work of the engine, the zones of fir tree slots (in which the stress exceeds YS) can be locally plastified. After that the distance between the slots fir tree slots are different and during next acceleration of the engine the stresses could be lower. 5 . During the thermal load only the reduced stress achieves the value of 461 MPa in the bottom region of fir tree slot of the disc. 6 . The maximum value of thermal stress in the blade equals only to 9.8 MPa. 7 . Tetrahedral TET-4 finite elements are not good choice for modelling the disc and the blades of aero-engines. The results of the work [2] showed that better efficiency in modelling of the fir tree slots (smooth mesh at much smaller number of nodes and elements) can be obtained using hexagonal HEX-20 second order finite elements.
